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HIGHLIGHTS 


►  A  solid  ionic  liquid  (EMP-TFSI)  was  used  as  a  new  co-solvent  for  Li  batteries. 

►  EMP-TFSI  performed  better  as  a  co-solvent  than  MPP-TFSI. 

►  The  50  wt%  EMP-TFSI  electrolyte  performed  as  well  as  a  carbonate  electrolyte. 
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1 -Ethyl- 1 -methyl  piperidinium  bis(trifluoromethanesulfonyl)imide  (EMP-TFSI)  is  an  ionic  liquid  with 
a  melting  temperature  of  85  °C.  Although  it  is  a  solid  salt,  it  shows  good  miscibility  with  carbonate 
solvents,  which  allows  EMP-TFSI  to  be  used  as  a  co-solvent  in  these  systems.  Ethylene  carbonate  is 
another  solid  co-solvent  used  in  Li-ion  batteries.  Due  to  its  smaller  cationic  size,  EMP-TFSI  provides  better 
conductivity  as  a  co-solvent  than  1 -methyl- 1 -propyl  piperidinium  bis(trifluoromethanesulfonyl)imide 
(MPP-TFSI),  which  is  the  smallest  room-temperature  piperidinium  liquid  salt  known.  In  cells  with  50  wt% 
IL  and  50  wt%  carbonate  electrolyte,  an  EMP-TFSI  mixed  electrolyte  performs  better  than  an  MPP-TFSI 
mixed  electrolyte.  Additionally,  the  discharge  capacity  values  obtained  from  rate  capability  tests 
carried  out  with  mixed  EMP-TFSI  are  as  good  as  those  conducted  with  a  pure  carbonate  electrolyte. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Flame  retardancy  is  one  of  the  most  attractive  properties  of  ionic 
liquids  (ILs)  for  use  in  battery  applications.  When  the  flammable 
components  of  Li-ion  batteries  are  replaced  with  ILs  or  less  flam¬ 
mable  materials,  Li-ion  batteries  become  significantly  safer  for  use 
as  large  energy-storage  devices  in  applications  ranging  from 
household  use  to  area  energy  control.  ILs  have  shown  considerable 
potential  not  only  as  electrolytes  [1-7]  in  Li-ion  batteries  but  also  as 
solvents  for  new  binders  [8]  and  as  ionic  conductors  in  solid  elec¬ 
trolytes  [9,10]. 

Room  temperature  ionic  liquids  (RTILs)  are  salts  with  melting 
temperatures  below  100  °C  [11,12].  Among  RTILs,  salts  that  are 
liquid  at  room  temperature  are  more  convenient  to  use  than  salts 
that  are  solid.  The  conductivities  of  imidazolium-based  ILs  are 
superior  to  those  of  other  RTILs  [13,14].  Their  conductivities  are  as 
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good  as  carbonate-based  electrolytes  in  Li-ion  batteries.  However, 
their  potential  windows  are  not  sufficiently  wide  for  use  in  many 
Li-ion  battery  applications  [6].  The  structural  modification  of 
cations  can  result  in  new  ILs  with  the  ability  to  provide  wider 
potential  windows.  However,  modifications  to  alkyl  branches  in  ILs 
can  readily  increase  the  cation  sizes,  which  leads  to  low  ion 
mobility,  i.e.,  low  conductivity.  Among  the  modification  attempts 
that  have  been  made,  modifications  to  ether  groups  on  the  alkyl 
branches  have  improved  the  conductivity  to  a  measurable  extent 
[6,15].  Most  ILs  perform  poorly  with  graphite  anodes,  resulting  in 
the  electrolysis  of  the  ILs  [16,17]  at  the  anode  and/or  the  interca¬ 
lation  of  the  cations  in  the  ILs  [18,19].  To  solve  these  problems, 
passivation  layer-forming  agents,  such  as  vinylene  carbonate  (VC), 
carbonate  solvents  including  ethylene  carbonate  (EC),  or  allyl- 
substituted  ILs  [20,21],  have  been  added  to  increase  the  cycle  life 
of  the  battery  [13,16,22].  Additionally,  ILs  can  face  wettability 
problems  associated  with  the  separator  in  Li-ion  batteries,  not  only 
because  ILs  are  viscous  but  also  because  the  ILs  and  the  separators 
frequently  possess  different  polarities  [23].  Due  to  the  many 
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obstacles  presented  by  ILs,  it  is  certain  that  the  use  of  a  pure  IL  alone 
as  an  electrolyte  in  Li-ion  cells  will  cause  several  combined  prob¬ 
lems.  Because  the  conventional  carbonate  electrolytes  include 
multiple  additives,  a  pure  IL  alone  is  not  able  to  support  the  satis¬ 
factory  operation  of  Li-ion  batteries. 

However,  the  wide  potential  window  is  another  advantage  of  ILs 
over  conventional  electrolytes.  ILs  with  pyrrolidinium  and  piper- 
idinium  have  wide  potential  windows,  which  makes  them  prom¬ 
ising  candidates  for  applications  in  high-voltage  Li  batteries  [24]. 
These  ILs  can  expand  their  oxidation  limit  to  5  V  versus  Li+/Li.  Due 
to  their  wide  potential  limits,  piperidinium  and  pyrrolidinium-TFSI 
have  received  considerable  attention.  Among  those  ILs,  the  cations 
that  possess  between  9  and  11  atoms  have  been  the  focus  of 
extensive  research  efforts  [22,24-29]  because  they  demonstrate 
the  best  conductivity  in  this  category  of  IL  species  due  to  their  small 
cationic  sizes. 

In  this  study,  we  demonstrate  that  it  is  not  necessary  for  the  ILs 
used  in  Li-ion  batteries  to  be  liquids  at  room  temperature.  When  an 
IL  can  be  used  as  a  binary  solvent  with  a  carbonate  counterpart,  ILs 
that  melt  above  room  temperature  (RT)  can  be  used  as  a  co-solvent 
mixture  to  create  a  solution.  Some  ILs  with  melting  temperatures 
above  RT  possess  smaller  cations  than  those  of  room-temperature 
liquid  salts.  Once  the  solid  has  been  mixed  with  a  carbonate 
solvent,  the  ILs  with  smaller  ions  dissolve.  The  smaller  ions  move 
more  freely  in  the  liquid  than  the  larger  ions,  providing  enhanced 
conductivity.  An  IL  content  greater  than  30%  in  the  electrolyte  can 
lead  to  good  flame  retardancy  or  nonflammable  properties  [13]. 
Mixing  the  proper  amount  of  IL  with  a  carbonate  electrolyte  can 
provide  improved  safety  while  maintaining  moderate  Li-ion 
battery  conductivity.  Ethylene  carbonate  (EC),  which  is  a  common 
solvent  for  carbonate  solvents  in  Li-ion  batteries,  is  an  example  of 
a  solid  solvent  component  with  the  ability  to  form  an  electrolyte 
solution.  Solid  ILs  can  act  as  a  co-solvent  in  liquid  electrolytes. 
Binary  solvents  made  with  solid  ILs  represent  another  opportunity 
to  blend  ILs  and  carbonates  to  improve  the  conductivity  of 
mixed  ILs.  Piperidinium  cations  were  selected  for  our  study  due  to 
their  wide  potential  window,  which  is  an  inevitable  requirement 
for  high-voltage  cathode  materials,  such  as  LiNio.5Mn1.5O4. 
The  solid  IL  used  in  this  study  is  1  -ethyl-  1-methyl-piperidinium 
bis(trifluoromethanesulfonyl)imide  (EMP-TFSI),  which  has  not 
been  reported  previously  in  Li  battery  applications.  1 -Methyl-1 - 
propyl-piperidinium  bis(trifluoromethanesulfonyl)imide  (MPP- 
TFSI),  the  smallest  RTIL  in  piperidinium-TFSI,  is  used  for  comparison 
purposes. 

2.  Experimental 

2.1.  Chemical  and  cell  preparations 

N-methylpiperidine  (Aldrich,  99%),  1-bromopropane  (Acros, 
99%)  and  bromoethane  (Aldrich,  99%)  were  used  to  synthesize  the 
ionic  liquids  (ILs).  Dichloromethane  (Junsei,  99%)  and  lithium 
bis(trifluoromethanesulfonyl)imide  (TFSI,  Morita  Chemical  Indus¬ 
tries  Co.)  were  used  for  the  metathesis  reaction  of  the  synthesized 
ILs.  After  metathesis,  the  ILs  became  TFSI-substituted  ion  pairs. 
When  the  metathesis  reaction  was  complete,  several  drops  of 
AgN03  aqueous  solution  were  added  to  the  product  to  identify 
whether  bromide  still  remained  in  the  ILs.  Final  identification  of  the 
synthesized  IL  was  performed  using  nuclear  magnetic  resonance 
spectroscopy  (NMR,  Bruker  400  MHz). 

The  prepared  ILs  were  characterized  as  electrolyte  components. 
The  electrolytes  were  evaluated  in  coin  cells.  Half-cells  containing 
LiNio.5Mn1.5O4  (Daejung  EM  Co.  Ltd.)  cathode  materials  were  used 
for  the  material  evaluations.  The  cathode  material  was  mixed  with 
carbon  black  (super  P  black,  Timcal  Carbon)  and  polyvinylidene 


fluoride  (PVDF,  Aldrich)  at  a  ratio  of  87:7:6  in  N-methyl-2- 
pyrrolidone  (NMP,  Junsei)  to  create  a  slurry  for  the  cathode.  The 
slurry  was  spread  on  Al  foil  and  dried  overnight  at  100  °C.  The  dried 
electrodes  were  hot  roll-pressed  to  reduce  the  thickness  by  20%. 
Lithium  foil  served  as  the  anode.  Two-electrode  2032-type  coin 
cells  (Hohsen  Corp.)  were  prepared  to  monitor  the  performance  of 
the  materials.  The  diameters  of  the  cathode  and  anodes  were  each 
15  mm.  A  15-pm-thick  separator  (5301  type,  Celgard)  was  placed 
between  the  two  electrodes.  The  electrolytes  used  for  the 
measurements  were  prepared  by  mixing  the  ILs  with  a  carbonate 
solvent.  The  carbonate  solvent  was  ethylene  carbonate/diethyl 
carbonate  (EC/DEC)  at  a  ratio  of  1 :1  by  volume  (Techno  Semichem). 
LiPF6  was  added  to  the  mixed  solvent  to  achieve  a  final  concen¬ 
tration  of  1.5  M.  The  electrolytes  were  prepared  with  1.5  M  LiPF6 
because  a  higher  concentration  of  LiPFg  in  the  electrolyte  provides 
enhanced  flame  retardancy  even  though  the  higher  ionic  pop¬ 
ulation  in  the  IL  can  cause  a  low  conductivity  [30].  All  cell  prepa¬ 
rations  were  performed  in  a  dry  room.  The  assembled  cells  were 
aged  in  an  oven  overnight  at  45  °C  to  accelerate  the  wetting  process 
in  the  cells.  Following  the  wetting  efforts  carried  out  by  aging  in  the 
oven,  multiple  formation  cycles  at  0.1  C  were  necessary  to  establish 
proper  cell  operation. 

2.2.  Instruments  and  measurements 

Prior  to  the  performance  measurements,  including  the  rate 
capability  test  and  the  cycle  life  test,  the  coin  cells  were  cycled 
between  3.5  V  and  4.9  V  at  a  rate  of  0.1  C  for  5  formation  cycles.  A 
rate  of  nC  yields  a  full  charge  (C)  in  1  /n  hours.  In  the  rate  capability 
tests,  all  charge  rates  were  0.2  C,  except  for  the  0.1  C  discharge  test 
used  for  the  rate  capability  test,  which  was  charged  at  0.1  C.  Cycle 
life  tests  were  carried  out  at  a  0.5  C  rate  both  for  charging  and 
discharging.  The  cell  performance  was  measured  using  a  TOSCAT- 
2100U  cycler  (Toyo  Systems  Co.).  Electrochemical  impedance 
spectroscopy  (EIS)  was  performed  with  a  potentiostat  (model  VSP3, 
Princeton  Applied  Research)  at  the  discharge  potential  (3.5  V)  with 
an  AC  perturbation  of  ±10  mV.  The  frequency  range  was  0.01  Hz- 
100  kHz.  Conductivity  measurements  were  performed  using 
a  conductivity  meter  (Accumet,  XL  20)  at  room  temperature.  Either 
of  two  conductivity  probes  (Accumet,  cell  constants  1.0  cm-1  and 
10  cm-1)  was  selected,  depending  on  the  conductivity  values  of  the 
samples.  The  probes  were  calibrated  with  calibration  standards 
(Fisher  Scientific)  before  the  measurements  were  taken.  After  each 
use,  the  probes  were  cleaned  with  nitric  acid,  rinsed  with  deionized 
water  and  dried.  The  melting  points  of  the  ILs  were  obtained  using 
a  differential  scanning  calorimeter  (DSC,  Q10,  TA  instruments).  The 
DSC  scans  commenced  at  ambient  and  then  reduced  the  temper¬ 
ature  to  -40  °C  to  freeze  the  ionic  liquids.  Phase  transitions  were 
observed  while  the  temperature  was  increased.  The  DSC  scans  were 
carried  out  at  the  scan  rate  of  5  °C  min-1  under  nitrogen.  The  flame- 
retardant  properties  of  the  mixed  electrolytes  were  evaluated  by 
measuring  the  self-extinguishing  time  (SET)  normalized  by  the 
liquid  mass  [31,32].  A  wide  and  thin  container  was  used  for  the 
burning  tests.  The  container  for  the  SET  tests  was  made  of  stainless 
steel  and  had  a  diameter  of  20  mm  and  height  of  4  mm.  The  shape 
of  the  container  allowed  for  a  wide  exposure  to  oxygen  and 
convenience  in  measuring  the  weight  of  the  electrolytes.  After  the 
electrolytes  were  carefully  ignited,  the  SET  values  were  measured. 
Each  value  was  obtained  from  the  average  of  three  measurements. 

The  results  of  the  1H  NMR  spectroscopy  (400  MHz  CDCI3)  are  as 
follows:  1 -methyl-1  -propyl  piperidinium  bis(trifluoromethanes- 
ulfonyl)  TFSI  (MPP-TFSI):  d  1.060  (3H,  t,  CH3),  1.760-1.920  (8H,  m, 
ring  and  -CH2-),  3.063  (3H,  s,  N-CH3),  3.279  (2H,  m,  N-CH2), 
3.375  (4H,  m,  2N— CH2);  1 -ethyl-1  -methyl  piperidinium  bis(tri- 
fluoromethanesulfonyl)  TFSI  (EMP-TFSI):  5  1.415  (3H,  t,  CH3),  1.789 
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(2H,  m,  CH2),  1.921  (4H,  m,  2-CH2),  3.048  (3H,  s,  N-CH3),  3.368  (4H, 
m,  2N— CH2),  3.279  (2H,  q,  N-CH2). 

3.  Results  and  discussion 

The  smallest  room-temperature  liquid  salt  among  the 
piperidinium-TFSI  ILs  is  methyl-propyl  piperidinium  TFSI(  MPP- 
TFSI),  the  conductivity  of  which  is  higher  than  that  of  butyl- 
methyl-piperidinium  TFSI  because  of  its  smaller  cation  size, 
which  leads  to  enhanced  mobility  in  liquids  [29,33].  Ethyl-methyl 
piperidinium  TFSI  (EMP-TFSI),  which  is  one  carbon  atom  shorter 
than  MPP-TFSI,  is  solid  at  RT.  Phase  transitions  of  EMP-TFSI  were 
observed  in  the  DSC  measurements,  as  shown  in  Fig.  1.  A  glass 
transition  is  found  at  16.5  °C.  EMP-TFSI  melts  at  85.0  °C,  which  is 
50  °C  above  room  temperature.  EMP-TFSI  alone  cannot  be  used  as 
the  electrolyte  solvent.  When  it  is  mixed  with  another  liquid 
solvent,  EMP-TFSI  can  be  utilized  as  a  co-solvent  in  Li-ion  batteries. 
The  solid  co-solvent,  EC,  has  good  permittivity  [34]  and  the  ability 
to  form  a  solid  electrolyte  interphase  (SEI)  [35-37],  which  enables 
the  Li-ion  batteries  to  work  longer  and  more  powerfully.  EMP-TFSI 
can  be  used  as  a  co-solvent  with  alternative  functionality,  such  as 
flame  retardancy. 

Most  ILs  have  lower  conductivity  values  than  the  carbonate- 
based  electrolytes  [25,38].  Unless  a  drastic  decrease  in  conduc¬ 
tivity  is  caused  by  the  addition  of  ILs,  the  mixed  IL  electrolyte  is 
applicable  to  Li-ion  batteries  with  moderate  discharge  rates,  which 
are  relevant  for  energy  storage  facilities.  Fig.  2  shows  the  conduc¬ 
tivity  trend  when  the  ILs  were  mixed  with  a  carbonate  electrolyte. 
The  added  ILs  included  MPP-TFSI  and  EMP-TFSI.  The  carbonate 
electrolyte  was  a  1.5  M  solution  of  EC/DEC  (1:1).  The  change  in 
conductivity  was  recorded  as  the  IL  content  was  increased.  LiPF6 
was  added  to  maintain  the  same  Li  ion  concentration  because  the  IL 
additions  increased  the  volume  of  the  electrolyte.  The  lithium  salt 
was  well  dissolved  at  a  concentration  of  1.5  M  under  our  experi¬ 
mental  conditions.  The  only  difference  between  the  two  solutions 
was  the  size  of  the  IL  cations.  Once  the  ILs  were  dissolved  in  the 
carbonate  electrolyte,  the  degree  of  mobility,  as  affected  by  the 
presence  of  cations,  was  reflected  in  the  conductivity  values.  A 
decrease  in  the  conductivity  is  proportional  to  the  amount  of  MPP- 
TFSI  in  the  solution.  Flowever,  the  conductivity  behavior  of  the 
EMP-TFSI  mixed  electrolyte  is  not  directly  proportional  to  the  IL 
content.  The  rate  of  decrease  of  the  conductivity  with  EMP-TFSI  is 
not  as  high  as  that  with  MPP-TFSI.  The  conductivity  values  at  30%  IL 
for  MPP-TFSI  and  EMP-TFSI  are  3.922  and  5.097  mS  cm-1,  respec¬ 
tively.  EMP-TFSI  has  a  30%  higher  value  than  MPP-TFSI.  The  value 
for  EMP-TFSI  is  also  higher  than  that  for  MPP-TFSI  at  50%  IL  content. 


Fig.  1.  The  DSC  measurements  with  EMP-TFSI.  The  temperature  scan  was  carried  out 
from  room  temperature  to  the  cooling  cycle.  The  phase  transition  temperatures  were 
determined  during  the  heating  cycle.  Numbers  1  and  2  and  the  arrows  represent  the 
direction  of  the  temperature  scan. 
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Fig.  2.  The  conductivity  versus  the  ionic  liquid  content.  The  ILs  in  this  case  are 
EMP-TFSI  and  MPP-TFSI. 

The  conductivity  of  EMP-TFSI  is  21.9%  higher  than  that  of  MPP-TFSI. 
The  smaller  cation  size  of  EMP-TFSI  provides  enhanced  ionic 
mobility  in  the  solution  in  comparison  with  the  larger  cation  size  of 
MPP-TFSI.  The  conductivity  values  with  50%  IL  are  2  mS  cm-1  or 
greater,  which  is  a  feasible  operational  condition  for  low-discharge 
Li-ion  batteries.  The  improved  ionic  conductivity  originates  from 
the  higher  mobility  of  the  smaller  cations  of  EMP-TFSI.  However, 
the  higher  cationic  mobility  is  not  directly  related  to  the  enhanced 
Li+  mobility,  which  is  an  important  factor  for  battery  operation.  The 
lithium  ion  mobility,  including  other  over-potential  elements,  can 
be  evaluated  indirectly  by  performing  cell  tests. 

The  flame  retardant  properties  of  the  mixed  IL  solutions  were 
evaluated  by  measuring  the  SET  value  shown  in  Fig.  3.  A  shorter 
extinction  time  indicates  stronger  flame  retardancy.  The  mixed 
solutions  were  burned  to  obtain  SET  values  with  respect  to  IL 
contents.  The  addition  of  30%  IL  shortens  the  extinction  time  by 
31.8%  and  39.1%  for  solutions  of  MPP-TFSI  and  EMP-TFSI,  respec¬ 
tively.  The  extinction  time  is  14.2  s  for  EMP-TFSI  and  1.0  s  for  MPP- 
TFSI  with  a  50%  IL  addition.  The  addition  of  50%  IL  produces 
a  nonflammable  solution  with  MPP-TFSI  and  a  flame-retardant 
solution  with  EMP-TFSI.  The  50%  IL  solution  with  EMP-TFSI 
exhibits  reasonable  conductivity  and  good  fire  resistance  [32]. 

Because  the  50%  IL  solutions  provide  sufficiently  high  conduc¬ 
tivity  for  use  in  slow  discharge  conditions,  the  battery  performance 
tests  were  conducted  with  the  50%  IL  solutions.  The  electrode 
materials  used  in  the  battery  tests  were  natural  graphite  and 
LiNio.5Mn1.5O4  as  the  anode  and  cathode  materials,  respectively. 
Half-cells  were  assembled  for  each  electrode  material.  The  natural 
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Fig.  3.  The  SET  value  versus  the  ionic  liquid  content.  The  ILs  in  this  case  are  EMP-TFSI 
and  MPP-TFSI. 
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graphite  electrodes  only  survived  for  approximately  5  cycles  (not 
shown  here).  Thus,  graphite  electrodes  are  not  suitable  for  use  in 
these  ILs  or  IL  mixed  electrolytes  [4,19].  Additives  that  form 
protective  layers  on  graphite  should  be  used  to  extend  the  cycle  life 
of  graphite  electrodes  [16,22].  Additive  studies  and  anode  selec¬ 
tions  are  not  discussed  in  this  paper. 

The  charge  and  discharge  voltage  profiles  with  LiNio.5Mn1.5O4 
were  obtained  with  rates  of  0.2  and  1.0  C,  respectively,  as  shown  in 
Fig.  4.  Two  IL-mixed  electrolytes  and  the  pure  carbonate  electrolyte 
were  compared  in  the  cell  tests.  Under  the  slow  charge  and 
discharge  conditions,  the  influence  of  the  conductivity  on  the 
discharge  capacities  is  not  significant.  The  discharge  capacity  values 
are  comparable  in  all  electrolytes.  Although  the  conductivity  value 
is  not  the  only  element  that  determines  cell  performance,  the 
conductivity  values  of  the  electrolytes  are  found  to  have  an  influ¬ 
ence  on  the  voltage  profiles  by  way  of  over-potentials.  The  relative 
intensity  of  the  over-potential  can  be  compared  between  the 
charge  and  discharge  plateaus.  As  the  depth  of  the  charge  and 
discharge  states  increases,  the  potential  gap  in  each  cell  becomes 
more  pronounced.  The  electrolyte  with  the  lowest  conductivity,  the 
MPP-TFSI  mixed  solution,  demonstrates  the  largest  over-potential 
among  the  tested  electrolytes.  The  conductivity  values  are 
directly  related  to  the  IR  drop.  Flowever,  the  over-potentials  are  the 
combined  values  of  the  IR  drop,  the  mass-transfer,  the  activation 
energy,  and  the  charge  transfer  elements  in  both  IL-mixed  elec¬ 
trolytes.  The  influence  of  the  conductivity  on  the  IR  drop  can  be 
separated  from  other  over-potentials  by  performing  discharge  tests 
at  a  variety  of  current  values. 

As  the  discharge  rate  increases,  the  IL  with  a  slightly  lower 
conductivity  more  negatively  affects  the  discharge  capacities  of  the 
electrodes.  The  discharge  capacities  versus  the  discharge  rate  (the 
rate  capability  tests)  are  shown  in  Fig.  5.  All  of  the  electrolytes 
demonstrate  similar  discharge  conditions  on  the  LiNio.5Mn1.5O4 
electrode  up  to  a  rate  of  1.0  C.  The  electrodes  in  both  the  pure 
carbonate  electrolyte  and  the  EMP-TFSI  mixed  electrolyte  dis¬ 
charged  97%  of  the  charged  capacity  at  1.0  C.  The  MPP-TFSI  mixed 
solution  allows  for  a  discharge  efficiency  of  92%.  The  discharge 
capacities  and  efficiencies  diverges  at  discharge  rates  higher  than 
1.0  C.  Compared  with  the  other  electrolytes,  the  mixed  electrolyte 
of  MPP-TFSI  damages  the  discharge  values  substantially  at 
discharge  rates  of  2.0  and  5.0  C.  The  low  ionic  conductance  of  the 
mixed  electrolyte  and  the  other  over-potential  elements  of  MPP- 
TFSI  are  not  favorable  at  high  discharge  rates.  Additionally,  the 
capacity  of  the  cell  with  the  EMP-TFSI  mixed  electrolyte  at  5.0  C  is 
slightly  improved  compared  with  that  of  the  carbonate  electrolyte. 
This  finding  implies  that  the  conductivity  is  not  the  only  factor  that 


Fig.  4.  The  discharge  capacity  values  with  50%  ILs  and  a  pure  carbonate  electrolyte. 
Prior  to  the  measurements,  5  formation  cycles  at  a  rate  of  0.1  C  were  performed  for 
each  measurement.  The  charge  and  discharge  rates  were  0.2  and  1.0  C,  respectively. 
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Fig.  5.  The  rate  capability  tests  with  50%  ILs  and  a  pure  carbonate  electrolyte:  (a)  the 
discharge  values  versus  the  discharge  rate  and  (b)  the  coulombic  efficiency  versus  the 
discharge  rate.  Prior  to  the  measurements,  5  formation  cycles  at  a  rate  of  0.1  C  were 
performed  for  each  measurement.  The  measurements  started  at  a  slow  discharge  rate 
and  were  increased.  The  discharge  rates  were  0.1,  0.2,  0.5,  2.0  and  5.0  C. 

determines  the  cell  performance  values.  The  discharge  capacity 
values  with  EMP-TFSI  are  slightly  lower  than  those  with  the  pure 
carbonate  electrolyte  at  low  discharge  rates,  as  shown  in  Fig.  5A.  In 
Fig.  5B,  it  can  be  observed  that  the  coulombic  efficiencies  of  the  cell 
with  EMP-TFSI  were  almost  steady,  while  the  efficiency  of  the  cell 
with  the  carbonate  electrolyte  declines  as  the  discharge  rate  was 
increased.  Although  the  EMP-TFSI  mixed  electrolyte  exhibits 
a  lower  conductivity  than  the  pure  electrolyte,  the  discharge 
condition  improves,  which  results  in  an  increased  efficiency. 

The  cycle  life  tests  evaluate  the  durability  of  the  mixed  IL  as 
a  potential  electrolyte  for  use  in  Li-ion  batteries.  Charge  and 
discharge  cycles  at  rates  of  0.5  C  were  performed.  Fig.  6A  shows  the 
discharge  capacities  of  the  LiNio.5Mn1.5O4  electrodes  during  the 
cycle  tests,  which  were  carried  out  in  three  electrolytes.  All  of  the 
electrodes  in  each  of  the  three  electrolytes  maintain  their  capacity 
over  50  cycles.  Both  the  carbonate  and  EMP-TFSI  mixed  electrolytes 
provided  steady  capacities  at  every  cycle  until  the  end  of  the  test. 
However,  the  capacity  values  from  the  electrode  in  MPP-TFSI  are 
unstable,  even  though  the  capacity  level  is  similar  to  that  of  the  other 
electrodes.  The  mixed  electrolytes  perform  very  well  under  the  slow 
discharge  rates.  The  capacity  retention  results  shown  in  Fig.  6A 
indicate  that  the  mixed  electrolytes  are  electrochemically  stable  for 
use  in  high-voltage  cathode  materials  under  half-coin  cell  operating 
conditions.  The  coulombic  efficiency  values  of  cycle  life  tests,  which 
are  shown  in  Fig.  6B,  can  be  used  to  evaluate  the  electrolyte 
decomposition.  A  low  coulombic  efficiency  value  is  an  indirect 
indication  of  electrolyte  decomposition  because  the  capacity  values 
of  all  electrolytes  are  comparable.  The  pure  carbonate  and  EMP-TFSI 
electrolytes  are  stable  and  exhibit  comparable  results.  However, 
the  efficiency  values  of  the  MPP-TFSI  electrolyte  are  unstable  and 
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Fig.  6.  The  cycle  life  tests  with  50%  IL  and  a  pure  carbonate  electrolyte.  Both  the  charge 
and  discharge  rates  for  the  tests  were  0.5  C. 


significantly  lower  than  those  of  the  other  two  electrolytes.  This 
result  implies  that  the  oxidation  reaction  of  the  MPP-TFSI  mixed 
electrolyte  is  more  active  than  the  reaction  of  the  other  two  solu¬ 
tions.  The  candidates  for  undergoing  oxidation  in  the  mixture  are 
carbonate  molecules.  However,  neither  the  mechanism  of  reduced 
stability  in  the  MPP-TFSI  mixed  solution  nor  the  types  of  elements  in 
the  mixture  that  are  more  active  during  oxidation  is  known  at  this 
point.  Further  studies  will  be  carried  out  to  understand  the  stability 
of  mixed  ILs. 

Changes  in  the  resistive  elements  during  the  cycle  life  tests  were 
monitored  with  EIS  measurements.  The  spectra  were  recorded  after 
the  3rd  and  50th  cycles  at  the  discharged  state  during  the  cycle  life 
tests.  The  spectra  at  the  3rd  cycle  (Fig.  7A)  essentially  consist  of  two 
semi-circles  followed  by  a  corresponding  low-frequency  inclined 
line;  however,  in  the  case  of  the  EMP-TFSI  in  which  only  one  semi¬ 
circle  appears,  while  the  spectra  at  the  50th  cycle  (Fig.  7B)  is 
comprised  of  one  semi-circle  and  a  subsequent  inclined  line.  The 
semi-circle(s)  is  attributed  to  the  SEI  film  and  charge  transfer 
resistances,  and  the  inclined  line  is  the  result  of  diffusion  behavior. 
Single  semi-circle  behavior  of  the  spectra  is  most  likely  due  to  the 
proximity  of  the  reaction  time  constants  in  the  SEI  film  and  the 
combined  reaction  of  charge  transfer  and  double  layer  charging/ 
discharging.  In  light  of  this,  we  constructed  two  types  of  equivalent 
circuits  to  model  the  pair  and  individual  semi-circle  behaviors,  as 
shown  in  the  insets  of  Fig.  7  A  and  B,  respectively.  In  the  circuits,  Rq, 
Rf,  and  Ra  are  the  bulk  electrolyte  resistance,  the  surface  film 
resistance,  and  the  charge  transfer  resistance,  respectively,  and 
ftcomb  is  the  summation  of  Rf  and  Rct.  The  CPEf  and  CPEdi  denote  the 
constant  phase  elements  caused  by  the  capacitive  behaviors  of  the 
film  and  the  double  layer,  respectively,  while  the  CPEdiff  is  the 
constant  phase  element  coming  from  the  solid-state  diffusion 
process.  The  resistance  values  were  determined  from  the  complex 
non-linear  least  squares  (CNLS)  fits  of  the  spectra  to  the  corre¬ 
sponding  equivalent  circuits,  as  listed  in  Table  1. 


Fig.  7.  The  EIS  spectra  after  the  (a)  3rd  and  (b)  50th  cycles.  The  equivalent  circuits  used 
to  model  the  spectra  are  given  in  the  insets.  The  solid  lines  were  determined  by  the 
CNLS  fittings  of  the  spectra  to  the  equivalent  circuits. 

Because  electrodes  at  early  cycles  still  experience  wetting  and 
surface  film  formation  processes,  the  resistance  values  at  these 
cycles  are  significantly  higher  than  those  from  electrodes  that  have 
completed  the  cycles  [39].  The  contribution  of  wetting  to  the 
impedance  is  possibly  included  in  Rct.  The  cells  with  the  mixed  IL 
solutions  have  higher  viscosities  than  the  cell  with  the  pure 
carbonate  solution.  The  higher  solution  viscosity  causes  a  slow 
wetting  process  and  affects  the  charge  transfer  resistance.  After  50 
cycles,  the  resistance  values  of  the  cells  with  the  IL  mixed  solutions 
are  significantly  lower  than  those  of  the  3rd  cycles,  as  shown  in 
Fig.  7B.  At  this  point,  the  cell  wetting  and  film  formation  processes 
are  nearly  complete,  which  provides  steady  state  conditions  for  the 
continuous  cycles.  The  total  impedance  values  for  all  of  the  cells  are 

Table  1 

The  elementary  cell  resistances  in  different  electrolytes,  determined  from  the  CNLS 
fittings  of  the  impedance  spectra  to  the  equivalent  circuits  (Fig.  7 A  and  B). 

1  M  LiPF6  EC/DEC  EMP-TFSI50%  MPP-TFSI50% 


3rd  cycle 


Rq  Rf 

Rct 

Rc  omb3  Rq 

Rf 

Rct 

Rc  omb*3  Rq 

Rf 

Rct 

^comb 

19.4  155.1 

500.2 

655.3  7.2 

- 

- 

524.5  9.8 

401.2  612.5 

1.14k 

50th  cycle 

Rq  Rf 

Rct 

^comb  Rq 

Rf 

Rct 

^comb  Rq 

Rf 

Rct 

^comb 

12.3 

- 

78.9  11.3 

- 

- 

52.6  33.6 

- 

44.8 

a  Calculated  from  the  equation  Rcom b  =  Rf  +  Rc t- 
b  Estimated  from  the  impedance  spectra  by  CNLS  fittings. 


118 


It  Kim  et  al.  /  Journal  of  Power  Sources  225  (2013)  113-118 


not  sufficiently  distinct  to  cause  differences  in  values  in  the  cycle 
life  tests. 

The  ftcomb  of  the  cell  using  EMP-TFSI  is  slightly  lower  than  that  of 
the  pure  carbonate  electrode.  The  low  Rc omb  can  provide  increased 
performance  in  some  discharge  conditions.  However,  there  is  no 
difference  in  the  cycle  life  results  tested  at  a  slow  discharge  rate  of 
0.5  C.  The  discharge  capacity  values  at  higher  discharge  rates  are 
affected  by  the  low  resistance  values  ( RComb),  as  shown  in  Fig.  5.  The 
cell  using  the  EMP-TFSI  mixed  solution  shows  a  slightly  higher 
discharge  capacity  at  5.0  C  than  the  cell  with  the  pure  carbonate 
solution,  which  results  from  the  steady  discharge  coulombic  effi¬ 
ciency  at  all  discharge  rates.  A  comparison  of  Fig.  7  A  and  B 
demonstrates  that  the  change  in  Rq  of  the  cell  using  MPP-TFSI  is 
significantly  higher  than  that  of  the  other  cells.  The  Rq  value  is 
increased  approximately  three-fold  after  50  cycles,  which  results  in 
the  unstable  capacity  values  in  the  cycle  life  tests.  The  increase  in 
the  electrolyte  resistance  after  multiple  cycles  suggests  that  the 
electrolyte  is  somehow  consumed  in  the  cycling  process,  which 
hinders  ionic  movement  during  subsequent  redox  activities.  The 
decomposition  of  the  MPP-TFSI  mixed  electrolyte  was  monitored  in 
Fig.  6B  as  well.  Slow  discharge  rates  (less  than  2.0  C)  had  almost  no 
effect  on  the  capacity  values,  as  shown  in  Fig.  5,  which  corresponds 
to  the  comparable  discharge  capacity  values  in  the  cycle  life  test. 

4.  Conclusions 

Even  though  the  presence  of  smaller  cations  in  ionic  liquids 
leads  to  increased  melting  points  in  comparison  with  ionic  liquids 
with  larger  cations,  the  small  cations  provide  enhanced  ionic 
conductivity  when  they  are  dissolved  in  other  liquid  solvents.  EMP- 
TFSI  provides  better  conductivity  than  MPP-TFSI  in  solution 
because  of  its  smaller  cationic  size.  The  EMP-TFSI  mixed  electrolyte 
leads  to  enhanced  over-potentials  versus  the  MPP-TFSI  mixed 
electrolyte  in  battery  operations.  The  advantages  of  improved 
conductivity,  over-potentials,  and  durability  further  enhanced  the 
redox  reaction  rates  in  the  Li-battery  operation.  The  50%  EMP-TFSI 
mixed  electrolyte  performed  as  well  as  the  pure  carbonate  elec¬ 
trolyte.  Additionally,  the  cycle  life  results  for  this  electrolyte  are 
comparable  to  those  of  the  pure  carbonate  electrolyte.  Thus,  ILs 
with  melting  temperatures  above  room  temperature  can  perform 
very  well  as  mixed  electrolytes.  Additionally,  a  50%  mixture  of  IL 
can  provide  enhanced  safety. 
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